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C L I M A T O L O G Y
The lightness of water vapor helps to stabilize  
tropical climate
Seth D. Seidel1,2 and Da Yang1,2*
Moist air is lighter than dry air at the same temperature, pressure, and volume because the molecular weight of 
water is less than that of dry air. We call this the vapor buoyancy effect. Although this effect is well documented, 
its impact on Earth’s climate has been overlooked. Here, we show that the lightness of water vapor helps to stabi-
lize tropical climate by increasing the outgoing longwave radiation (OLR). In the tropical atmosphere, buoyancy 
is horizontally uniform. Then, the vapor buoyancy in the moist regions must be balanced by warmer temperatures 
in the dry regions of the tropical atmosphere. These higher temperatures increase tropical OLR. This radiative effect 
increases with warming, leading to a negative climate feedback. At a near present-day surface temperature, vapor 
buoyancy is responsible for a radiative effect of 1 W/m2 and a negative climate feedback of about 0.15 W/m2 per kelvin.
INTRODUCTION
Geological evidence suggests that tropical sea surface temperature 
(SST) varies considerably less than higher-latitude SST (1–4). Although 
this geological evidence reflects a wide range of uncertainty, the 
consensus is that tropical climate is more stable than extratropical 
climate. This local climate stability in the tropics has global implica-
tions. Global climate warming results in greater warming at the poles 
than in the tropics, weakening the meridional temperature gradient 
(5). This would alter the general circulation of the atmosphere. Past 
work has considered how the temperature gradient would decline 
with warming through the polar amplification of climate warming, 
caused by polar-region feedbacks (5–7) or enhanced poleward 
energy transport (8, 9). Instead, we propose a low-latitude feedback 
that leads to tropical damping by emitting more energy to space 
with warming.
Tropical climate stability may be explained by negative climate 
feedbacks, which, in a warming climate, cause additional outgoing 
longwave radiation (OLR) or reduced shortwave absorption by the 
Earth system. Previous studies have explored such feedback mecha-
nisms. Lindzen et al. (10) proposed that increased SST in the tropics 
would result in reduced cirrus clouds, leading to enhanced OLR 
from Earth’s atmosphere. Studies have also proposed that the ability 
of atmospheric circulations to transport energy and create dry, 
emissive regions is key to regulate tropical climate (8, 11). More recent 
studies have considered convection’s tendency to aggregate more in 
warmer climates, yielding broader and drier clear-sky regions, effi-
ciently emitting longwave radiation to space (12–14). However, each 
of these mechanisms is currently subject to considerable uncertainties 
in a warming climate (15, 16).
Here, we offer a different explanation of the tropics’ climate sta-
bility by way of a robust clear-sky feedback. The magnitude of this 
feedback may be estimated with greater certainty than for feed-
backs depending on changes in clouds and circulation. In a recent 
paper, Yang and Seidel (17) proposed a clear-sky vapor buoyancy 
feedback that stabilizes tropical climate. Using a semianalytical mod-
el, the authors estimated that the radiative effect is about 2 to 4 W/
m2 and that the feedback parameter is about 0.2 W/m2 per kelvin, 
which seem to be substantial for Earth’s climate. The authors fur-
ther suggested that this effect exponentially increases with climate 
warming, so it could effectively stabilize tropical climate at higher 
temperatures. However, because of their theoretical approach, the 
key ingredients of the feedback are assumed or even imposed, as 
opposed to self- emerging in the model. For example, they imposed 
a weak buoyancy gradient (WBG) in the tropical free troposphere, 
rather than explicitly simulating it in the model. The magnitude of 
the proposed feedback critically depends on water vapor’s distri-
bution in the tropical atmosphere, which was also not explicitly rep-
resented. Here, we will explicitly simulate atmospheric circulations 
and water vapor distributions using a cloud- model (CRM). CRMs 
have a typical grid spacing of O (1 km) and can adequately simu-
late deep convective storms. In our numerical experiments, an at-
mosphere with weak horizontal buoyancy gradient and realistic water 
vapor distribution will self-emerge. This paper will show that the 
lightness of water vapor has a profound impact on Earth’s energy 
balance and climate stability.
Vapor buoyancy feedback
The “recipe” for the proposed mechanism requires three key ingre-
dients: (I1) large-scale circulations that organize the tropics into 
comparatively moist and dry regions (11), (I2) a weak horizontal 
buoyancy gradient (WBG) (18–20), and (I3) the vapor buoyancy 
effect itself. While each of these ideas has a long history, the novelty 
of our proposal lies in their synthesis.
(I1) The tropical atmosphere is organized into comparatively moist 
and dry regions by large-scale circulations, e.g., the Hadley and 
Walker circulations (Fig. 1A). The ascending branches of these 
circulations are characterized by ubiquitous deep convection 
(thunderstorms) and high relative humidity (RH). There, the atmo-
sphere is opaque to longwave radiation and may approach a local 
runaway greenhouse state, in which OLR remains roughly constant 
with surface warming (11, 21). The descending branches are charac-
terized by clear skies and low RH. The circulations transport energy 
from the moist region to the dry region, where longwave radiation 
is emitted from Earth’s atmosphere. While much of the subtropics 
are part of such a dry region associated with the subsiding branch of 
the Hadley circulations, even large parts of the deep tropics can be 
characterized by dry, subsiding air due to east-west atmospheric 
circulations, such as the Walker circulation. Because the moist 
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region’s OLR is relatively insensitive to surface warming, it is the 
properties of the dry region—its temperature, water vapor profiles, 
and spatial area—that primarily determine the tropics’ OLR and 
how OLR responds to climate forcings.
(I2) We are interested in the atmospheric temperature in the dry 
region and thereby in how buoyancy is distributed in the tropical 
atmosphere. Buoyancy is an upward force by virtue of the density 
difference between an air parcel and the surrounding environment. 
In Earth’s atmosphere, buoyancy is determined by its temperature 
and water vapor mixing ratio (kg/kg). We shall use this relationship 
between buoyancy, temperature, and water vapor content to under-
stand the dry-region temperature profile. The WBG approximation 
simplifies the dynamics of the tropical free troposphere by assuming 
buoyancy to be horizontally homogeneous. In the tropics, the effect 
of planetary rotation is comparatively small, so gravity waves can 
effectively smooth out horizontal buoyancy anomalies (18–20). 
Sometimes, this is further simplified to the weak temperature gradient 
approximation, which assumes that water vapor has a negligible effect 
on buoyancy. However, for our purposes, we must be more precise.
(I3) The vapor buoyancy effect, also known as the virtual effect, 
accounts for how the molecular weight of water vapor influences 
the buoyancy of moist air. Water vapor has a molecular mass of 
18 g/mol, considerably less than the mass of dry air at 29 g/mol. 
A parcel of moist air is lighter and more buoyant than a parcel of 
dry air at the same temperature and pressure. To capture this effect, 
we use virtual temperature to represent buoyancy
  T v = T ( 1 + r / ϵ  ─1 + r  ) (1)
T is the parcel’s temperature (K), r is its water vapor mixing ratio 
(kg/kg), and ϵ = Mv/Md, where Mv and Md are the average molecular 
mass of water vapor and dry air, respectively.
The above ingredients produce the vapor buoyancy feedback 
(Fig. 1). In the tropical atmosphere, the temperature profile of the 
moist region is set by convective storms, and temperature must 
increase toward the dry region, balancing reduced vapor buoyancy 
according to WBG (dark red line in Fig. 1A). This makes the dry 
region warmer than it otherwise would be in the absence of vapor 
buoyancy (light red line in Fig. 1A). The greater temperature leads 
to more OLR. This is a negative radiative effect, and its magnitude depends 
on the humidity contrast between the moist and dry regions (Fig. 1B). 
Assuming that RH remains the same, the specific humidity contrast 
increases with warming, leading to a larger horizontal temperature dif-
ference and thereby a stronger radiative effect of vapor buoyancy in a 
warmer climate (Fig. 1B). This is thus a negative feedback, stabiliz-
ing the climate.
The vapor buoyancy feedback represents a substantial departure 
from the current understanding of the tropical lapse rate feedback, 
in which latent heating causes the moist adiabatic lapse rate to decline 
with climate warming (22). The upper troposphere warms more 
than the surface, increasing OLR. That process can be represented in a 
single column. However, the origin and amplitude of the vapor buoyancy 
feedback depend on horizontal distributions of temperature and mois-
ture. Understanding the vapor buoyancy feedback, therefore, requires 
at least two columns (17) or even two dimensions as in this study.
We make three predictions according to this theory:
(P1) There is a substantial horizontal temperature gradient in the 
lower free troposphere where WBG is effective and where water va-
por is abundant (Fig. 1A).
(P2) The vapor buoyancy effect increases OLR (Fig. 1).
(P3) The strength of this effect increases with surface tempera-
ture (Fig. 1B).
RESULTS
We test the vapor buoyancy feedback using two-dimensional (2D) 
cloud-resolving simulations of idealized overturning circulations 
with identifiable moist and dry patches. We perform these numerical 
simulations over a wide range of SSTs. At a given SST, we perform 
two simulations: a control simulation with the vapor buoyancy effect, 
and a mechanism-denial simulation without the vapor buoyancy 
effect. This pair of simulations highlights the effect of vapor buoyancy. 
A similar approach has been widely used, e.g., to study the radiative 
effect of clouds in climate models. To implement the idealized circu-
lations, we use convective self-aggregation, a phenomenon in which 
an atmosphere under uniform boundary conditions spontaneously 
develops a large-scale overturning circulation with an ascending 
Fig. 1. Proposed mechanism of the vapor buoyancy feedback. (A) The atmosphere is organized into moist and dry regions, with the dry region being responsible for 
most of the atmosphere’s OLR. In an atmosphere with vapor buoyancy, the WBG necessitates a warmer dry region than if there were no vapor buoyancy effect, which 
increases OLR. (B) The expected dependence of OLR on column water vapor according to our hypothesis. We expect there to be little difference in the OLR originating 
from the moist regions, but the vapor buoyancy effect will yield greater OLR in the dry region. We expect this OLR difference to be greater in warmer climates. This con-
stitutes a negative climate feedback.
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region characterized by deep convection and a subsiding region 
characterized by anomalously dry conditions (23–27). Convective 
self-aggregation is particularly suitable for investigating the vapor 
buoyancy feedback because its steady overturning circulation has 
discernible, persistent moist and dry regions. The model setup for 
these simulations is discussed in Methods.
Convective self-aggregation is successfully simulated in a wide 
range of climates. Figure 2 shows the evolution of precipitable water 
(PW) over space and time at different SSTs, without and with the vapor 
buoyancy effect. Notably, the horizontal scale of self-aggregation depends 
on the temperature and the presence of the vapor buoyancy effect. 
Yang (28) showed that the vapor buoyancy effect is responsible for the 
scale of self-aggregation. This is because the horizontal scale is princi-
pally determined by the horizontal mass flux within the boundary layer, 
which is, in turn, determined by the boundary layer density gradient. 
In a self-aggregated boundary layer, most of the density differences 
across the domain arise mainly because of vapor buoyancy, rather than 
to temperature buoyancy. Therefore, by removing the vapor buoyancy 
effect, we have also removed a principal scale-setting mechanism.
Prediction 1: A substantial temperature gradient
Figure 3 shows that the vapor buoyancy effect is responsible for sub-
stantial temperature gradients in the lower free troposphere. The 
horizontal axis is the percentile rank of PW, the sorting method for 
which is covered in Methods. The red lines are absolute temperature 
contours (isotherms), and the black lines are virtual temperature 
contours (isopycnals). Both atmospheres exhibit negligible hori-
zontal gradients in buoyancy, but there is a considerable temperature 
gradient in the control atmosphere with vapor buoyancy, which has 
also been observed in the real tropical atmosphere (17). The tem-
perature profiles are nearly identical in the moist region of either 
atmosphere, but they diverge toward the dry regions: The vapor 
buoyancy effect warms the lower free troposphere in the dry region. 
Comparing the 90th percentile column to the 10th percentile column 
in the 300-K simulation, the temperature difference peaks at 1.7 K, 
at a pressure level of 872 hPa. Given that this difference is not present 
in the mechanism-denial simulations where water vapor does 
not affect buoyancy, we can attribute this warming to the vapor 
buoyancy effect.
Fig. 2. Simulated water vapor fields and OLR in different climates. (A, B, D, E, G, and H) Precipitable water over time, showing convective self-aggregation. During the 
course of a simulation, the atmosphere organizes into distinct moist and dry regions despite the uniform boundary conditions. Deep convection occurs almost exclusively 
in the moist regions, while clear skies and low humidity characterize the dry region. (C, F, and I) A 10-day moving average of clear-sky OLR. Once a distinct dry region 
develops in each simulation, the atmosphere with vapor buoyancy (V.B.) exhibits greater radiative cooling.
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Prediction 2: The vapor buoyancy effect increases OLR
We shall compare the two—control and mechanism-denial—
simulations at SST = 300 K, showing that the vapor buoyancy effect 
increases OLR at a given PW rank and that the vapor buoyancy 
effect increases the domain-average OLR by warming the lower tro-
posphere of the dry, subsiding region. We focus on the clear-sky OLR 
diagnostics because our prediction is based on clear-sky radiation 
and because the all-sky and clear-sky OLR increases are of similar 
magnitudes (see text S1 for a discussion of clouds and their influence 
on radiation in these simulations). Using the same column-sorting 
approach as for Fig. 3, we have calculated clear-sky OLR’s depen-
dence on PW. Figure 4A shows that the vapor buoyancy effect en-
hances clear-sky OLR. The strength of this effect is near zero in the 
moistest columns but increases gradually toward the driest columns. 
This is consistent with the prediction presented in Fig. 1B. The time 
series of domain-mean OLR is shown in Fig. 2. As the atmospheres 
self-aggregate, OLR in the control experiment exceeds that in the 
mechanism-denial experiment, and this difference persists. Averaged 
over the last 750 days of simulation, this effect accounts for a 3.1 W/m2 
increase in OLR in the Earth-like reference climate with SST = 300 K. 
Compared with the 4 W/m2 direct radiative forcing associated with 
the doubling atmospheric CO2, vapor buoyancy’s influence on OLR 
is quite profound.
Prediction 3: The strength of this effect increases with SST
Figure 4A shows clear-sky OLR for the control and mechanism- 
denial simulations for 300- and 310-K SSTs. The gap in clear-sky 
OLR between the two simulations is greater in the SST = 310-K simu-
lation pair. Figure 4B shows this more clearly, depicting the differ-
ence in clear-sky OLR in either pair of simulations. This confirms 
the prediction in Fig. 1B.
To see the domain-mean differences in OLR, we refer first to 
the time series in Fig. 2. The difference in domain-mean OLR in-
creases with SST. Figure 5A depicts the domain- and time-averaged 
change in clear-sky OLR due to vapor buoyancy across a wide range 
of climates
  OLR =  OLR v −  OLR nv (2)
where v and nv denote the control (with vapor buoyancy) and 
mechanism-denial simulations (no vapor buoyancy), respectively. 
As shown in Fig. 5A, ∆OLR is 3.1 W/m2 when SST = 300 K and 
4.1 W/m2 when SST = 310 K. ∆OLR generally increases with SST, 
acting as a negative climate feedback. If a perturbation was to warm 
the climate, the vapor buoyancy effect would counteract that by 
increasing OLR. However, the signal in Fig. 5A results from a combi-
nation of factors, including the vapor buoyancy feedback, changes 
in water vapor distribution, and others, so OLR does not increase 
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monotonically with surface temperature. To separate these effects 
from one another, we perform radiative kernel calculations.
Components of OLR
We use radiative kernels to quantify the share of ∆OLR that results 
from changes in both temperature and water vapor, respectively, 
between the control and mechanism-denial simulations (refer to 
Methods for a description of the radiative kernels and how they are 
applied to the simulation data). The kernels themselves are presented 
in text S2. Figure 5B shows the result of the kernel analysis, which is a 
linear decomposition of ∆OLR into its components due to the dif-
ferences in the temperature and moisture fields between the two 
simulations at a given SST.
The proposed radiative effect of vapor buoyancy results from the 
free-troposphere temperature difference, ∆T, between the control 
simulation and the mechanism-denial simulation (the left column 
in Fig. 6). The free troposphere lies between the boundary layer top 
and the tropopause. We take pbl = 900 hPa as the boundary layer top. 
Considering the tropopause as the radiative-convective boundary, 
we have identified it where radiative cooling rate is approximately 
zero. Text S3 shows the radiative cooling profiles and the calculated 
tropopause level. The free-troposphere temperature component of 
∆OLR is an estimate of the radiative effect of vapor buoyancy (dark 
red bars in Fig. 5B). Because the water vapor field is held constant 
when applying the temperature kernel, this estimate holds the area 
of the dry, subsiding region as constant between simulations. There-
fore, the calculated OLR difference is only due to temperature changes. 
This method estimates the radiative effect as about 0.9 W/m2 at 
300-K SST. This increases to about 14 W/m2 at 320-K SST, suggest-
ing a robust negative climate feedback mechanism in the atmo-
sphere with vapor buoyancy. Text S4 reproduces this calculation 
assuming a higher boundary layer top of pbl = 800 hPa, showing that 
the analysis is robust to the location of the boundary layer top.
The linear component of OLR associated with differences in 
water vapor contributes substantially (blue bars in Fig. 5B). This re-
sult suggests that water vapor distribution changes when we switch 
off the vapor buoyancy effect, which is not considered in the simple 
model developed by Yang and Seidel (17). The water vapor contri-
bution to OLR reinforces the radiative effect of vapor buoyancy 
around the reference climate but counteracts it in warmer climates, 
lacking a robust trend with SST. Understanding this behavior would 
require us to study how vapor buoyancy affects the water vapor dis-
tribution, which is beyond the scope of this paper. We have also 
computed the boundary-layer contributions to OLR and find that 
the effect is negligible. The temperature above tropopause is a posi-
tive component of OLR, possibly because the stratosphere is in 
radiative balance with a warmer troposphere in the control simula-
tions. This stratosphere component is substantial in the reference 
climate but quickly becomes much smaller relative to the free- 
troposphere component with climate warming. Here, we do not 
consider this as part of the radiative effect of vapor buoyancy, as 
WBG dynamics do not apply in the stratosphere. This simplifica-
tion will not affect the overall estimate of the feedback parameter 
because the increasing trend of the radiative effect is dominated by 
the free-troposphere component. The vapor buoyancy feedback is 
mainly a free-troposphere feedback process. The nonlinear term is 
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the residual of the linear decomposition. The smallness of that re-
sidual supports the approximate linearity of the problem, which is 
necessary for the radiative kernel analysis.
Estimating the radiative effect from a single atmosphere
So far, we have estimated the radiative effect of vapor buoyancy by 
simulating two different atmospheres: the control atmosphere (with 
vapor buoyancy) and the mechanism-denial atmosphere (without 
vapor buoyancy). Now, we will develop another method to estimate 
∆T and its associated radiative effect from only the control atmo-
sphere. This approach will demonstrate that the simulated effect 
arises because of the robust physics we propose, as opposed to model 
details. This new calculation of ∆T will also show how to estimate 
the radiative effect of vapor buoyancy using either observations or 
comprehensive climate models.
According to WBG, we assume that the buoyancy of any air par-
cel is set by convective plumes with RH = 100%. The temperature 
difference ∆T due to vapor buoyancy is calculated as the difference 
between the temperature of the observed or simulated atmosphere 
and the temperature of convective plumes with equal density
  T m (  1 +   r m *  ⁄ ϵ ─ 1 +  r m *   ) = T (  1 +  r  ⁄ ϵ  ─1 + r ) (3)
where T is the observed temperature of the dry parcel, r is the 
observed water vapor mixing ratio (kg/kg), Tm = T − ∆T is the tem-
perature of the convective plume, and  r m * =  r m * ( T m , p) is the satura-
tion mixing ratio of the moist parcel. We rearrange Eq. 3 using the 
relationship Tm = T − ∆T
  T = T ( 1  +   r m *  ( T m , p) ⁄ ϵ  ─ 1 +  r m * ( T m , p) −  1 +  r ⁄ ϵ  ─1 + r  ) ( 
1 +  r m * ( T m , p) ─1 +   r m *  ( T m , p) ⁄ ϵ   ) (4)
We have chosen this precise form of ∆T, without approxima-
tions, as analytical tractability is unnecessary here. On the right-
hand side, the values of T and r are both known. These are the 
properties of the observed or simulated air parcel. However,  r m * is a 
function of Tm and therefore a function of ∆T. ∆T cannot be readily 
isolated to one side of the equation without further approximation. 
Therefore, we solve Eq. 4 iteratively. We use the Newton-Raph-
son method, with the derivative approximated numerically, ending 
the iteration when the correction is less than 10−3 K.
The right column in Fig. 6 shows this theoretical calculation of 
∆T, applying Eq. 4 to the control simulation data. In the lower 
troposphere, the magnitude and structure of ∆T are both remark-
ably similar between the two methods, indicating that Eq. 4 appro-
priately captures the warming due to the vapor buoyancy effect. 
This correspondence breaks down near the tropopause: The simu-
lation results show that the atmosphere is slightly cooler with vapor 
buoyancy. This difference has little impact on the radiative effect 
calculation, as we show below. We have also included in text S5 an 
alternate calculation of ∆T, which does not require a presumed moist 
parcel and instead uses data from the moistest columns in the sim-
ulations. That calculation agrees with the results presented here.
We calculate the radiative effect of vapor buoyancy by applying 
the temperature radiative kernels to the theoretical calculation of 
∆T for each simulation with vapor buoyancy. As before, we only use 
data from the free troposphere. Figure 5C shows the results of this 
new, theoretical calculation of the radiative effect of vapor buoyancy 
alongside the previous calculation. The simulation-pair marks 
in Fig. 5C are simply a reproduction of the free-troposphere tem-
perature component in Fig. 5B. The results show that the radiative 
effect exponentially increases with SST, which is likely because T 
increases with SST exponentially (17). The two fitted curves cor-
respond well in both magnitude and trend. Thus, the temperature 
and vapor profiles of a single, with-vapor-buoyancy atmosphere are 
sufficient to estimate the strength of the radiative effect of vapor 
buoyancy.
Feedback parameter
Last, it is useful to calculate a feedback parameter—the amount by 
which the radiative effect increases per unit surface warming. We 
define the feedback parameter as
   t =  
d  R vb  ─dSST (5)
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Fig. 6. Temperature difference due to vapor buoyancy. (A, C, and E) ∆T is the 
additional temperature due to the vapor buoyancy effect as calculated by sub-
tracting the temperature profiles of the simulations with and without the vapor 
buoyancy effect. That is, we subtract the left-hand panels of Fig. 3 from the right-
hand panels. (B, D, and F) ∆T as calculated from a single simulation using Eq. 4. The 
white lines denote the 900-hPa level we use for the boundary layer top. We do not 
show values of ∆T above the tropopause, where WBG no longer applies.
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where Rvb is the radiative effect of vapor buoyancy. t measures the 
total sensitivity of the radiative effect of vapor buoyancy to SST. t 
results from a combination of changes with climate warming in 
both T and the atmosphere’s base state (water vapor and tempera-
ture profiles). Yang and Seidel (17) calculated vb, which isolates 
only the change in Rvb due to the change in T, and found that it has 
a similar magnitude as t. Figure 5D shows t based on the fitted 
exponential curves in Fig. 5C. In the Earth-like reference climate, 
we estimate t to be 0.16 and 0.13 W/m2 per kelvin for the simulation- 
pair and theoretical calculations of T, respectively. Following our 
assumption of an exponential trend in Rvb, t also increases expo-
nentially with climate warming, achieving a magnitude of about 
1.5 W/m2 per kelvin at 320 K. This compares to the Planck feed-
back, a leading-order longwave feedback that results from a uni-
form warming of the atmosphere. The Planck feedback is about 
4.6 W/m2 per kelvin at that temperature. The vapor buoyancy feed-
back reaches one-third of that magnitude. In such warm climates, the 
vapor buoyancy feedback may be of primary importance for climate 
stability of Earth and other terrestrial planets. These climates are much 
more stable than what has been recognized in the past studies that 
ignored the vapor buoyancy effect (11, 29).
DISCUSSION
This paper tests the hypothesis that the vapor buoyancy effect stabi-
lizes Earth’s climate in the tropics. Using 2D CRM simulations, we 
have demonstrated that the radiative effect of vapor buoyancy is 
approximately 1 W/m2 in the reference climate, a value comparable 
to the direct radiative forcing due to doubling atmospheric CO2. 
Our calculations suggest that this radiative effect exponentially 
increases with climate warming. This effect results in a negative 
feedback of around 0.15 W/m2 per kelvin in the reference climate, 
which is of the same order of magnitude as the net cloud feedback 
and surface albedo feedback (16, 22).
Contemporary cloud-resolving and general circulation models 
have the physics necessary to simulate the vapor buoyancy feedback. 
Therefore, the feedback should be reflected in past model-based 
assessments of climate sensitivity. However, simulation does not 
entail understanding. This study explains how the vapor buoyancy 
feedback occurs and presents evidence that it helps to shape Earth’s 
tropical climate. Other authors have aggregated all greater-than-surface 
warming of the troposphere together into a single “lapse rate feed-
back” (22, 30). Such a combined approach may not be appropriate. 
The origin and amplitude of the vapor buoyancy feedback depend 
on the horizontal distributions of temperature and moisture. Under-
standing the vapor buoyancy feedback, therefore, requires at least 
two columns or even two dimensions. This is fundamentally different 
from the conventional explanation of the tropical lapse rate feedback 
based on a single-column process—the temperature profile (the moist 
adiabat) is steepening from additional latent heating with warming.
Single-column models are widely used to simulate clouds and 
climate both on Earth and other planets (29). These models simulate 
a representative atmospheric column, usually in a radiative-convective 
equilibrium state. Such a model is not able to represent the vapor 
buoyancy feedback, which requires at least two columns, and would 
underestimate climate stability. This deficiency reinforces past 
arguments in favor of using two-column models, which represent 
the two branches of an overturning circulation (11, 31). In such a 
model, the column processes, such as convection, may be either 
parameterized or explicitly simulated. However, the effects of large-
scale dynamics are always parameterized, often by imposing a weak 
horizontal temperature gradient: The two columns have equal tem-
peratures (31, 32). Such an assumption precludes the vapor buoyancy 
feedback. By excluding the vapor buoyancy effect, these modeling 
frameworks have considerable biases in estimating atmospheric 
buoyancy, cloud fraction, radiative feedbacks, and, thereby, climate 
stability. Therefore, it is desirable to properly represent the vapor 
buoyancy effect when using the column modeling approach.
The vapor buoyancy feedback requires that the atmosphere is 
organized into large-scale overturning circulations and that there is 
abundant water vapor. These criteria are best met in Earth’s tropics. 
The strength of this feedback is determined by the magnitude of 
water vapor differences across the tropics and the relative size of 
the dry, subsiding regions of the atmosphere. We refer the reader to 
Bretherton et al. (33), whose Figure 3B depicts that not only are 
there very large water vapor differences within the tropics but also a 
broad dry region to emit OLR. Therefore, the vapor buoyancy feed-
back may play a profound role in stabilizing Earth’s tropical climate 
at present. We expect that it plays an even greater role in explaining 
Earth’s past climates. A recent review of paleoclimate data and simula-
tions of the hot Eocene climate has suggested surface temperatures 
as high as 310 K in the tropics (34). Although considerably warmer 
than our present climate, such a temperature still reflects greater 
stability in tropical climate than in extratropical climate. Referring 
to our Fig. 5D, such surface temperatures would imply a much 
stronger vapor buoyancy feedback than at present (about 0.5 W/m2 
per kelvin). Therefore, the vapor buoyancy feedback may have played 
a leading role in stabilizing tropical climates in the past.
The vapor buoyancy feedback may also stabilize (or destabilize) 
planetary climates. Several characteristics of a planet may alter the 
vapor buoyancy feedback:
1. The planetary rotation rate. Many planets rotate more slowly 
than Earth. Recent work has considered the habitability of tidally 
locked extrasolar planets with persistent day and night hemispheres. 
With an orbital period in the tens of Earth days, atmospheric dynamics 
on such planets would resemble those of Earth’s tropics. Rather than 
altering the meridional temperature gradient, a negative vapor buoyancy 
feedback on such a planet would effectively expand the inner edge 
of the habitable zone—the set of orbits where liquid water can exist 
near the surface.
2. The ratio of the molar mass of vapor to that of dry air (). In 
planetary atmospheres, the molecular weights of dry air and vapor 
may be notably different from Earth’s. The vapor buoyancy effect 
would be much stronger for water vapor in a carbon dioxide atmo-
sphere. On the other hand, where water vapor is found in a hydrogen 
atmosphere, the vapor buoyancy effect would be reversed. Then, 
the proposed vapor buoyancy feedback would also work in reverse, 
yielding a positive, destabilizing climate feedback.
3. The surface temperature. The feedback strength is remarkably 
sensitive to surface temperature. It is likely that there are warm 
terrestrial planets close to the inner edge of their habitable zones. 
On such planets, the vapor buoyancy feedback more effectively sta-
bilizes the climate than on Earth.
This study uses a 2D CRM with uniform SST. In the 2D CRM 
simulations, gravity waves, WBG, and water vapor distributions are 
explicitly simulated, which make this study a meaningful advance be-
yond Yang and Seidel (17). However, there are several limitations 
due to the idealized approach presented in this paper. For example, 
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the overturning circulations simulated are due to self-aggregation 
rather than surface temperature gradients as in Earth’s Hadley and 
Walker circulations. There may be departures from the temperature 
and water vapor profiles actually observed in the tropics. Therefore, 
it would be desirable to quantify the vapor buoyancy feedback using 
comprehensive 3D climate models and observations in future studies. 
In addition, we have mainly discussed the clear-sky radiative effect 
in this study. It is also desirable to understand and quantify the cloud 
effect associated with vapor buoyancy.
METHODS
Cloud-resolving simulations
We simulate convective self-aggregation in a nonrotating 2D atmo-
sphere using the System for Atmospheric Modeling (SAM; version 
6.10.8) (35). The radiation scheme is that of the National Center for 
Atmospheric Research (NCAR) Community Atmosphere Model, 
version 3 (CAM3) (36). The microphysics is the SAM one-moment 
parameterization. The horizontal domain size is 2048 km, and the 
model top is at 35 km. The horizontal resolution is 2 km. The vertical 
resolution is 50 m for the lowest 1 km and increases to 600 m above 
3 km. A sponge layer occupies the upper 10 km of the model domain. 
The incoming solar radiation is fixed at 413.9 W/m2 to match the 
annual mean insolation on the equator. We fix the SST to a uniform 
value, and we perform simulations for a wide range of SSTs, from 
280 to 320 K. Each simulation is integrated for 1000 days. This paper 
presents two types of simulations: control simulations with the vapor 
buoyancy effect and mechanism-denial simulations without the 
vapor buoyancy effect. We switch off the vapor buoyancy effect by 
removing the buoyancy dependence on water vapor in the vertical 
momentum equation, following Yang (28). A CRM typically has 
horizontal grid spacing of O (1 km), which is sufficient to resolve 
deep convective clouds and has been widely used to study tropical 
convection. However, to fully resolve boundary layer clouds, one 
would need large eddy simulations with typical horizontal grid spacing 
of about 50 m. Because our proposed mechanism mainly concerns 
how vapor buoyancy affects clear-sky temperature profiles in the 
free troposphere, CRM simulations are sufficient.
Analysis in moisture space
We analyze the model output in PW space. Each simulation contains 
1024 columns, integrated over 1000 days, saved in 4-hour intervals. 
Removing the first 250 days of each simulation, we calculated the 
1-day moving mean of the output and then sorted each of the 
1024 × 4500 columns according the percentile rank of PW. We then 
calculate an average profile at each percentile, yielding 100 percentile–
ranked average columns for each simulation. We could instead rank 
columns according to column RH, but the results presented here 
are robust to either method. We use the column-sorted data to test 
the three predictions.
Radiative kernel calculation
We use the CAM radiative transfer model (36, 37) to compute radi-
ative kernels (38, 39). The kernels represent the change in clear-sky 
OLR with respect to atmospheric temperature profile, or  ∂OLR _∂ T  (p) 
and with respect to the vapor profile,  ∂OLR _∂ q (p) . Following the method 
introduced by Cronin and Wing (39), we calculate “approximate” 
kernels using the PW-sorted columns presented previously. The 
kernels are based on the control simulations. We calculate each of 
these partial derivatives by perturbing the temperature or water vapor 
at a single-model level then running the radiative transfer scheme 
on both the original and the perturbed atmospheric profiles. We use 
perturbations of +0.5 K in temperature and −1% in specific humidity 
to calculate the kernels. The temperature and water vapor radiative 
kernels for the simulations of 290-, 300-, and 310-K SSTs are pre-
sented in text S2.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/19/eaba1951/DC1
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